INTRODUCTION {#s1}
============

Choroidal neovascularization (CNV) is the growth of newly-formed blood vessels from the choriocapillaris (CC) through a rupture in the Bruch\'s membrane (BM) into the subretinal space. These abnormal blood vessels often leak blood or fluid, damaging the central vision. CNV is a symptom of many ocular diseases, such as wet age-related macular degeneration (AMD) and myopic CNV ([@BIO048736C6]). The investigations of the cellular and molecular mechanism of CNV are still ongoing. However, vascular endothelial growth factor (VEGF) has proven to be a key stimulator for CNV. Overexpression of VEGF is observed in CNV patients and the laser-induced CNV animal models ([@BIO048736C34]; [@BIO048736C56]; [@BIO048736C68]; [@BIO048736C84]), and it can induce CNV in rabbits, rats and nonhuman primates ([@BIO048736C5]; [@BIO048736C40]; [@BIO048736C50]; [@BIO048736C77]; [@BIO048736C81]).

VEGF belongs to a highly specific vascular endothelial growth factor family that promotes vascular permeability, extracellular matrix denaturation, vascular endothelial cell proliferation and angiogenesis. Other factors like HIF-1, angiopoietin (ANG)-1, ANG-2 and platelet-derived growth factor-B (PDGF-B) are also involved in the process of neovascularization ([@BIO048736C14]). HIF-1 can activate the transcription of multiple target genes associated with angiogenesis, including VEGF, ANG-2 and PDGF-B ([@BIO048736C10]). ANG-2 can promote endothelial cell proliferation and migration if it collaborates with VEGF ([@BIO048736C30]). ANG-1 is an antagonist of ANG-2, inhibiting vascular permeability ([@BIO048736C24]). PDGF-B also plays a role in proliferative retinopathies ([@BIO048736C55]).

A CNV vessel is formed based on the proliferation and migration of endothelial cells, which is regulated by proangiogenic factors and changes in the extracellular matrix bed ([@BIO048736C59]). The CNV vessels are stabilized by pericyte recruitment that suppresses endothelial cell proliferation ([@BIO048736C14]). Macrophages also have an essential role in CNV formation, especially the creation of fibrovascular scars, as they secrete a variety of growth factors (including VEGF) ([@BIO048736C28]; [@BIO048736C60]; [@BIO048736C79]).

At the cellular level, CNV has similarities to a wound-healing process including clotting, inflammation, angiogenesis and fibrosis ([@BIO048736C44]; [@BIO048736C69]). Similar growth factors like VEGF and PDGF are involved in both CNV and skin wound healing ([@BIO048736C69]).

The process of CNV formation in wet AMD might be caused by an age-related thickening of BM, which causes a deregulation of retinal pigment epithelium (RPE) transport, atrophy of CC and neuroretinal hypoxia. In this case, the RPE secretes a high level of VEGF and reduces the expression of angiogenesis inhibitors ([@BIO048736C69]). This imbalance of growth factors underlies the CNV formation.

Intravitreal injections of anti-VEGF drugs \[e.g. ranibizumab (Lucentis^®^, Genentech/Novartis), bevacizumab (Avastin^®^, Genentech/Roche), aflibercept (Eylea^®^, Regeneron Pharmaceuticals/Bayer)\] are used in the clinic, showing benefits including visual acuity improvement and CNV regression in acute wet AMD and other CNV (e.g. myopic CNV) pathologies ([@BIO048736C25]; [@BIO048736C71]). Although anti-VEGF therapy is the conventional treatment for CNV, there are still several adverse effects of anti-VEGF drugs, such as bleeding, increased blood pressure, cataract and photoreceptor loss. A report showed that anti-VEGF therapy could lead to geographic atrophy (GA) in about 40% of patients, which was the end stage of wet AMD with no available treatment ([@BIO048736C15]). [@BIO048736C26] supported this hypothesis based on the review of the literature on histopathologic animal studies and clinical trials associated with GA and anti-VEGF treatment ([@BIO048736C26]). Kaynak et al. mentioned that this treatment was still indispensable compared with other treatment options, although it increased GA ([@BIO048736C43]). Another recent study suggested that the mortality of AMD patients who were also diagnosed with acute myocardial infarction increased after anti-VEGF therapy ([@BIO048736C31]). In addition, bevacizumab can induce retinal vein thrombosis and thrombotic microangiopathy in monkey eyes ([@BIO048736C72]).

In 2013, a new type of CNV, treatment-naive quiescent CNV, was discovered by [@BIO048736C65]. This is a kind of CNV without signs of exudation which underwent fluorescein angiography (FA), Indocyanine Green angiography (ICG) and optical coherence tomography (OCT) examinations for at least 6[ ]( )months ([@BIO048736C65]). Recently, optical coherence tomography angiography (OCT-A) has proven to be an effective method to diagnose quiescent CNV ([@BIO048736C13]; [@BIO048736C66]; [@BIO048736C80]). By using this technique, quiescent CNV was not only found in early and intermediate AMD, but also in GA ([@BIO048736C12]). However, the mechanism of quiescent CNV conversion to exudation AMD is still unclear. Besides, there is no definite conclusion on whether quiescent CNV should be treated or not ([@BIO048736C76]).

Therefore, preclinical research to better understand the biology of AMD and to improve current therapies has to be continued, and new treatment options have to be found.

For these studies, suitable animal models are essential. The laser-induced CNV rodent model is the most common CNV animal model. It is easy to operate and is capable of inducing several CNV lesions per eye, based on the number of laser burns applied. After BM is perforated by laser, inflammation leads to VEGF overexpression and infiltration of blood vessels from the choroid, forming the CNV and recapitulating the main features of wet AMD. However, the healthy retina is damaged due to the burn of the laser before CNV formation starts, and neovascularization may also originate from the retinal vessels ([@BIO048736C75]). In addition, the CNV lesion induced by the laser tends to self-heal within 4[ ]( )weeks ([@BIO048736C27]) so the model can only be used in that time frame. The development of new CNV animal models is therefore ongoing. This study aimed to develop a valid rat CNV model by subretinal injection of the adeno-associated virus (AAV)-VEGFA165 vector to investigate the mechanism of quiescent CNV and new treatment options. We tested whether bevacizumab could stop the conversion of quiescent CNV to exudation AMD, and whether our model would be valid for drug testing. In addition, this model was compared with human CNV samples.

RESULTS {#s2}
=======

In this study, the AAV control eyes \[AAV-empty vector and AAV-enhanced green fluorescent protein (EGFP) vector\] ([Table S2](Table S2) and [Fig. S3](Fig. S3)) did not show any signs of toxicity at any time point after subretinal injections. No CNV-like lesions were found in FA, ICG, OCT and microscopic analyses \[light/electron microscopy (LM/EM)\] in any eyes after subretinal injection of the AAV-empty vector. The EGFP-vector-transduced eyes showed GFP protein expression in a time frame of 2--9 weeks after subretinal injection. With one exception, the eyes transduced with EGFP vectors did not show any CNV-like lesions in angiographic and histological analyses (data not shown).

Characterization of the CNV induced by overexpression of VEGF in rat eyes {#s2a}
-------------------------------------------------------------------------

Human CNV shows irregular hyper-fluorescence in FA/ICG. Subretinal or intraretinal fluid and fibrovascular pigment epithelium detachment are the features of CNV in OCT ([@BIO048736C18]). In addition, the histological changes of human CNV are subretinal neovascularization, migration and proliferation of RPE cells, irregular endothelia of CNV vessels, multi-layered basement membranes, the rupture of BM, leakages, loss of photoreceptors, VEGF overexpression, macrophages/activated microglia deposition, subretinal bleeding and the remodelling of the extracellular matrix (mainly collagen) in BM and the spaces between CNV vessels and RPE cells. Exemplary images of human CNV are presented in [Fig. 1](#BIO048736F1){ref-type="fig"}. Fig. 1.**LM/EM of human CNV.** (A) LM of a human eye with CNV. The multi-layered RPE (arrowheads) is on the right. The space between the multi-layered RPE and CC is filled with the increased extracellular matrix. Black arrows: CNV vessels. (B) EM of a human CNV vessel: varying thicknesses of endothelial cells (e), pericytes (p), multi-layered basement membranes (arrows) and extravascular erythrocytes (right side of B) can be observed. No fenestration was observed. Mitochondria are blown because of preparation artefacts, maybe due to post mortem time. CC, choriocapillaris; CNV, choroidal neovascularization; RPE, retinal pigment epithelium. Scale bar in A: 50 µm, in B: 5 µm.

The eyes successfully transduced with VEGF vector and showing CNV-like signs in FA/ICG/OCT will be termed 'CNV eyes' in this paper, and the CNV-like lesion in OCT and the hyper-fluorescent area shown in FA/ICG will be referred to as 'CNV lesion' and 'CNV area', respectively.

Angiography and OCT of eyes with CNV {#s2b}
------------------------------------

In total, 57 eyes were used to induce CNV in this study. About 50% of the eyes showed hyper-fluorescence in FA/ICG 4 weeks after VEGF vector injection, and 93% of the eyes (including the eyes treated with bevacizumab) showed a CNV in FA 6--9 weeks after VEGF vector transduction (for details see [Table S1](Table S1)).

Because newly-formed CNV vessels extend from the CC through a rupture of the BM into the retina, the vascular changes in the choroid/RPE should only be visible in ICG, and the changes in the retina lead to hyper-fluorescence in both FA and ICG. As [Fig. 2](#BIO048736F2){ref-type="fig"} and [Fig. S1](Fig. S1) illustrate, the CNV eyes always showed a larger hyper-fluorescent area or more lesions in ICG than FA, probably due to CC alterations and occult CNV. A CNV without leakage was shown in all the eyes, since no gradual marked increase in hyper-fluorescence appeared in FA/ICG. Fig. 2.***In vivo* examination of the rat eyes** **6** **weeks after transduction with AAV-VEGF.** (A) Comparison of the CNV area in FA and ICG of an eye. FA and ICG images are on the left, and the overlay image (FA signal: red; ICG signal: green; overlap: yellow) is on the right. The overlapped areas contain the retinal vessels and the CNV area in the retina. The ICG signal shows a spotty pattern stretched over a larger area than the FA signal, indicating the part of CNV below the RPE cells. (B--D) An FA angiograph (B) and corresponding OCT images (C,D) of one eye. The dashed line in C shows the decrease of the retinal thickness between the two small CNV lesions. A large CNV lesion is shown in D, corresponding to the outer rim of the ring-shaped hyper-fluorescent area in FA. No exudation in the subretinal space was found in C and D. Black arrow, CNV lesion. Scale bars: 200 µm.

The ring-shaped hyper-fluorescent area with a dark central region is observed in most FA and ICG images ([Fig. 2](#BIO048736F2){ref-type="fig"}; [Fig. S1](Fig. S1)). The ring-like hyper-fluorescence correlates well with the hyper-reflective areas seen in the OCT images ([Fig. 2](#BIO048736F2){ref-type="fig"}C,D). Two small CNV lesions in [Fig. 2](#BIO048736F2){ref-type="fig"}C correspond to the central hyper-fluorescent area in FA ([Fig. 2](#BIO048736F2){ref-type="fig"}B). No exudation findings in the subretinal space were shown in the OCT images ([Fig. 2](#BIO048736F2){ref-type="fig"}C,D). The retinal thickness decreased in the dark area compared with the surrounding hyper-fluorescent area in FA.

LM and EM evaluations of CNV {#s2c}
----------------------------

We mainly focused our EM-analysis on the choroid/RPE interface. The typical features of the RPE cell are the presence of a cell nucleus, pigment granules and microvilli on the apical side. On the basal side, RPE cells have a basal membrane. The RPE layer is normally monolayered and does not have blood vessels. Between the basement membrane of an RPE cell and the basement membrane of CC is a clearly-structured area of extracellular matrix, BM. In the eye, only CC vessels are fenestrated.

As mentioned above, FA and ICG angiographs correlate well with the OCT images ([Fig. 2](#BIO048736F2){ref-type="fig"}). The CNV lesions observed in the OCT images also correlate well with the CNV areas shown in the LM and EM ([Fig. 3](#BIO048736F3){ref-type="fig"}). As shown in [Figs 3](#BIO048736F3){ref-type="fig"} and [4](#BIO048736F4){ref-type="fig"}, the CNV induced by VEGF overexpression in rats was characterized by the newly-formed blood vessels with few fenestrations between BM and a multi-layered RPE, loss of photoreceptors and extracellular matrix deposit (mainly collagen, as identified by its distinct ultrastructural striated pattern, [Fig. 3](#BIO048736F3){ref-type="fig"}E) in BM and the spaces between CNV vessels and RPE cells. Fig. 3.**OCT (A) and LM/EM (B--E) of the same eye, 9** **weeks after VEGF transduction.** (A) The hill-like structure in A (black arrow) corresponds to the CNV area in B and C. \*, subretinal space. (B) LM: the black arrows label the CNV area below the subretinal space (\*). Large vacuoles and mild photoreceptor degeneration can be observed. The rectangles in A and B show the same region. (C) EM of the same CNV area, a CNV vessel is embedded in the multi-layered RPE. (D) Magnification of the rectangle area in C. Accumulation of collagen with visible striations in BM and between the CNV vessel and the RPE. The elastic layer of BM (white arrow) is incomplete, and a thin cell (yellow arrowhead) can be seen between CC and BM. The bifurcation of endothelial cells (yellow arrow) and abnormal basement membranes surrounding the RPE cells completely can also be observed. Black arrows, basement membranes surrounding CC and RPE; black arrowhead, fenestration; red arrow, pinocytotic vesicles. (E) Collagens are striated with a distinct periodicity. Scale bar in B: 100 µm, in C: 4 µm, in D: 1 µm, in E: 500 nm.Fig. 4.**Ultrastructural details of typical CNV vessels.** (A) A CNV vessel has penetrated through BM (magnified views in B and C). The vessel consists of endothelial cells (e) with varying thicknesses and is associated with pericytes (p). The space between the RPE cells and the CNV vessel is filled with extracellular matrix (mainly collagen) and debris of unknown origin. A small vascular lumen (\*\*) is formed by the irregular endothelium and 'intrusional' growth of extracellular matrix (mainly collagen) towards the main lumen of the vessel. Large vacuolar structures (V) in the RPE layer can also be found, they show microvillar projections into the external space (black arrows). A thrombocyte can be observed in the CNV vessel. (B) Magnification of the bottom rectangle area in A. An endothelial cell with several vesicles (marked with black arrows) and a pericyte surrounded by basal membrane can be observed. Black arrowhead, endothelial projections into vessel lumen. (C) Magnification of the top rectangle area in A. Black arrows, fenestrations. (D) Another CNV vessel enveloped by RPE cells. Multi-layered basement membranes (black arrows) can be seen around the vessel. (E) Quantification of the number of fenestrations per µm circumference of the endothelium of CNV vessels and choroid capillaries. The number of fenestrations in the CNV vessels is less than in choroid capillaries (*t*-test, \**P*\<0.05). The mean value and standard deviation are shown in the box figures. Scale bar in A: 5 µm, in B and C: 1 µm, in D: 2 µm.

Indeed, not all the CNV vessels showed fenestrations, and they were also fewer fenestrations per vessel as compared to the CC ([Fig. 4](#BIO048736F4){ref-type="fig"}E, *t*-test, *P*\<0.05). The mean number of fenestrations per µm circumference of the endothelium of CNV vessels and choroid capillaries were 0.3±0.3 and 2.0±0.6, respectively. No significant correlation between the size of vessels (neither the CNV vessels nor the CC) and the number of fenestrations was found (data not shown). Fibrin deposition is a sign of the leaky vessels; however, its typical electron-dense shape ([@BIO048736C41]) was not found in the CNV eyes.

In addition to the collagen, the proliferation of pigmented RPE-like cells leads to the thickening of the RPE layer towards the retina ([Fig. 3](#BIO048736F3){ref-type="fig"}B,C). As shown in [Fig. 3](#BIO048736F3){ref-type="fig"}D, abnormal basement membranes were observed around the RPE cells and the CNV vessels, as well as extracellular matrix deposits in the spaces between RPE and CNV. Indeed, RPE cells usually show basement membranes only on their basal side, but here the basal membranes often surround the whole cellular circumferences. CNV vessels showed both thickened basal membranes ([Fig. 3](#BIO048736F3){ref-type="fig"}C) and multiple layers of basal membranes ([Fig. 4](#BIO048736F4){ref-type="fig"}D). Large vacuolar structures formed by the extreme elongation of microvilli were often shown in the RPE layer surrounding the CNV lesion ([Figs 3](#BIO048736F3){ref-type="fig"}B and [4](#BIO048736F4){ref-type="fig"}A).

The restructuring of the extracellular matrix in BM leads to the disruption of RPE cellular function ([@BIO048736C20]). Thin cells (elongated undifferentiated cells) were observed in the CNV areas and between CC and BM, which might be an early feature of endothelial proliferation ([Fig. 3](#BIO048736F3){ref-type="fig"}D). The loss of the elastic layer in BM was often seen in the CNV areas ([Fig. 3](#BIO048736F3){ref-type="fig"}D). Collagen bundles of different thicknesses appeared disorganized between the CC and BM ([Fig. 3](#BIO048736F3){ref-type="fig"}D) and in the CNV area. The loss of CC in the CNV eyes was observed in this model (not shown).

A case of invasion of the CNV vessels from the CC to the RPE layer is shown in [Fig. 4](#BIO048736F4){ref-type="fig"}A. The CNV vessel with a varying thickness of endothelial cells was associated with pericytes ([Fig. 4](#BIO048736F4){ref-type="fig"}B). The endothelium of the CNV vessels often contained several pinocytotic vesicles ([Figs 3](#BIO048736F3){ref-type="fig"}D and [4](#BIO048736F4){ref-type="fig"}B). The CNV vessel originated from the CC, as it contained fenestrations, which are a typical feature of choroidal capillaries ([Figs 3](#BIO048736F3){ref-type="fig"}D and [4](#BIO048736F4){ref-type="fig"}C). As shown in [Fig. 4](#BIO048736F4){ref-type="fig"}C, a small vascular lumen was formed by the bifurcations of the endothelium in the CNV vessel. Bifurcation ([Fig. 4](#BIO048736F4){ref-type="fig"}C) started as endothelial projections pointing into the vessel lumen ([Figs 3](#BIO048736F3){ref-type="fig"}D and [4](#BIO048736F4){ref-type="fig"}B). It is a source of leakage in the neovascular choroidal vessels if the outer endothelial wall closes incompletely ([@BIO048736C73]). Multi-layered basement membranes were often observed around the CNV vessels ([Fig. 4](#BIO048736F4){ref-type="fig"}D), which is also a feature of human CNV ([@BIO048736C73]).

Immunohistochemistry (IHC) of CNV eyes {#s2d}
--------------------------------------

Although VEGF expression is ubiquitous in the retina and the choroid, it is significantly increased in the CNV area, especially in the RPE cells within and close to the CNV lesions ([Fig. 5](#BIO048736F5){ref-type="fig"}A,B as compared to C). The human AMD eye showed intense VEGF staining in the RPE layer ([Fig. 5](#BIO048736F5){ref-type="fig"}D), while the RPE cells are not significantly stained with the human VEGF antibody in the AAV-EGFP control eye ([Fig. 5](#BIO048736F5){ref-type="fig"}E). Fig. 5.**Exemplary images of anti-human VEGF staining (A--E), RPE65 staining (F--G) and Iba1 staining (with DAPI) (H--J).** (A--E) A CNV rat eye (A--C), a human AMD eye (D) and an AAV-EGFP rat eye (E) with anti-human VEGF staining. (A--C) The CNV rat eye shows an intense anti-human VEGF staining in the RPE cells within and close to the CNV lesions (A,B). The RPE far away from the CNV lesion is not stained significantly (C). A single pigmented cell without VEGF positive stain (marked with a black arrow) can be observed in the subretinal space, which might be a disconnected RPE cell or a macrophage (A). (D) The RPE cells are significantly stained with the human VEGF antibody in the human AMD eye. (E) The AAV-EGFP eye does not show intense VEGF staining in the single RPE layer. (F--G) RPE65: the RPE layer (white arrows) is multiplied in the CNV eye compared with the control in G. The multi-layered RPE corresponds to the pattern of RPE-like pigmented cells under EM. A single layer RPE can be observed in AAV-EGFP control eyes. (H--J) Iba1. (H) Bright field of a CNV rat eye. (I) The same area as in H. The CNV eye shows macrophages/activated microglia deposits in the CNV area and heavily infiltrating the retina. (J) In the AAV-EGFP control eye, no macrophages nor activated microglia in the RPE layer, PR and ONL were observed. INL, inner nuclear layer; ONL, outer nuclear layer; PR, photoreceptors; RPE, retinal pigment epithelium. Scale bar in A: 50 µm, in B--E and H--J: 20 µm, in F and G: 10 µm.

The CNV eyes showed multi-layered RPE65 positive staining, indicating that the multi-layered pigmented cells in the CNV lesion were indeed RPE cells ([Fig. 5](#BIO048736F5){ref-type="fig"}F).

As shown in [Fig. 5](#BIO048736F5){ref-type="fig"}I, macrophages/activated microglia deposited in the CNV area and heavily infiltrated the retina in the CNV rat eyes with anti-Iba1 staining. No macrophages or activated microglia were observed in the choroid and neural retina in the AAV-EGFP eyes ([Fig. 5](#BIO048736F5){ref-type="fig"}J).

Quantification of the CNV areas in angiography and the maximal thickness of the CNV lesion and retina in OCT {#s2e}
------------------------------------------------------------------------------------------------------------

As shown in [Fig. 6](#BIO048736F6){ref-type="fig"}A, the CNV areas in FA angiographs increased significantly after 6 weeks compared with the earlier time points (ANOVA, *P*\<0.05; 2 weeks: 5.4±9.3 au, 3 weeks: 3.3±3.7 au, 4 weeks: 4.7±5.7 au, 6 weeks: 19.4±9.8 au, 7 weeks: 19.4±9.3 au, 9 weeks: 17.9±10.0 au). However, there was no significant growth or regression of CNV areas between 6 and 9 weeks after VEGF transduction. Fig. 6.**Quantification of the CNV areas in angiography and the maximal thickness of the CNV lesion and retina in OCT.** (A) Comparison of CNV areas in late-phase FA from 2--9 weeks after VEGF overexpression. The CNV areas reach a stable size after 6 weeks. (B) Quantification of the maximal retinal thickness in CNV eyes from 6--9 weeks after VEGF overexpression. The normal retinal thickness is measured in the adjacent area without CNV lesions. The retina at the CNV area is thicker than the normal retina, and it continues to thicken over time (ANOVA, \**P*\<0.05). (C) Quantification of the maximal CNV lesion thickness in CNV eyes. The CNV lesion thickness increases significantly between 6 and 9 weeks after VEGF transduction (ANOVA, \**P*\<0.05). au=arbitrary units. \**P*\<0.05 (ANOVA). The mean value and standard deviation are shown in the box figures.

The maximum retinal thickness at the CNV area was much thicker than the normal retinal thickness, and it increased significantly with time ([Fig. 6](#BIO048736F6){ref-type="fig"}B, ANOVA: *P*\<0.05; normal: 218.6±11.4 µm, 6 weeks: 289.6±26.0 µm, 7 weeks: 305.9±24.0 µm, 9 weeks: 315.5±11.0 µm). In particular, the CNV lesion was thickening with time and showed a significant difference if compared between 6 and 9 weeks after VEGF transduction ([Fig. 6](#BIO048736F6){ref-type="fig"}C, ANOVA: *P*\<0.05; 6 weeks: 99.8±19.8 µm, 7 weeks: 109.9±19.6 µm, 9 weeks: 120.2±21.9 µm).

Treatment effect of bevacizumab in the CNV rat model {#s2f}
----------------------------------------------------

FA/ICG did not show statistically significant differences in the area of CNV lesions 6 and 9 weeks after VEGF transduction, either after bevacizumab treatment or without treatment (not shown).

The thickness of the retina and CNV lesions decreased significantly 1 week after bevacizumab treatment compared with untreated CNV eyes \[[Fig. 7](#BIO048736F7){ref-type="fig"}A,B, *t*-test, *P*\<0.05; treated eyes (retinal thickness changes: −7.6±20.8 µm, CNV lesions changes: −7.9±16.6 µm) versus untreated eyes (retina: 14.2±17.2 µm, CNV lesions: 10.1±7.0 µm)\]. The decrease was no longer significant 2 weeks later, but bevacizumab still tended to reduce the growth of CNV. Fig. 7.**Change of the maximal retinal (A), CNV lesion thickness (B) and VEGF expression (C) after bevacizumab treatment.** (A,B) Bevacizumab can reduce the retinal and CNV lesion thickness significantly 1 week after treatment (*t*-test, \**P*\<0.05), but the decrease was no longer significant 2 weeks later. (C) The treated eyes did not show a significant decrease in VEGF expression up to 3 weeks after the treatment. CNV, choroidal neovascularization.

As the CNV in this rat model was induced by overexpression of human VEGF, the VEGF expression of the bevacizumab-treated eyes and the untreated eyes were compared. The VEGF expression in the treated group showed a slight but not significant decrease compared with the untreated group ([Fig. 7](#BIO048736F7){ref-type="fig"}C, the percentage of VEGF-positive staining area in the total CNV area: treated group: 19%, untreated group: 24%).

DISCUSSION {#s3}
==========

Correlation of our CNV model to the human CNV with wet AMD {#s3a}
----------------------------------------------------------

This CNV rat model was developed by overexpression of human VEGFA165, the critical factor for human CNV. A total of 93% of the 57 eyes showed CNV in angiography 6--9 weeks after VEGF vector transduction. The other eyes did not show a CNV, probably due to incorrect operation procedure or the lesion forming outside of the area observable by angiography. In addition, the histologic changes observed in this model greatly mimic early and intermediate human CNV (shown in [Fig. 1](#BIO048736F1){ref-type="fig"}).

No signs of leakage were presented in FA/ICG/OCT in our model. Overexpression of VEGF leads to the hyper-permeability of the vessels to fibrinogen and the other plasma proteins ([@BIO048736C17]). Extravasated fibrinogen is rapidly converted into fibrin during the clotting process ([@BIO048736C8]; [@BIO048736C82]). Therefore, fibrin deposition is a sign of a leaky vessel. Fibrin deposition was also not found in EM in our model, implying that the CNV induced in our model is quiescent CNV. Few fenestrations in the endothelium were observed in the CNV vessels of this CNV rat model ([Fig. 4](#BIO048736F4){ref-type="fig"}E), which correlates with the low number of endothelial fenestrations in human CNV ([@BIO048736C7]; [@BIO048736C73]). Hofman\'s group indicated that the vessel leakage was not caused by the fenestration formation, but was due to the increased active pinocytotic vesicles in the endothelia of CNV vessels ([@BIO048736C35]). There were always several active pinocytotic vesicles in the endothelia in our rat CNV model ([Figs 3](#BIO048736F3){ref-type="fig"}D and [4](#BIO048736F4){ref-type="fig"}B). However, no exudation was seen in our model. The level of VEGF is probably not high enough to stimulate a high number of active pinocytotic vesicles in the endothelia, thus no leakage is observed in our model. If this is the case, inhibiting the expression of VEGF as stabilisation of the newly-formed vessels by pigment epithelium-derived factor ([@BIO048736C42]) could possibly delay or avoid conversion of quiescent CNV to exudation AMD.

The typical features for the late CNV in wet AMD patients, such as irregular or multi-thrombocytes, complete loss of photoreceptors and loss of endothelia and pericytes, were not shown in our rat CNV model. The CNV vessels induced in this model seem to be more intact and functional than human CNV membranes ([@BIO048736C7]), which is probably why the photoreceptors in our model survived. Taken together, these findings imply that the CNV induced in our model is similar to so-called quiescent CNV. Early-stage CNV is difficult to investigate in human CNV membranes, since the sub-macular surgery with excision of the CNV has only been carried out at a very late stage in the past. Recently, [@BIO048736C2] developed a hypoxia-treated zebrafish model to study the early pathological vascular remodelling events of CNV. Our rat model is valid to investigate the whole process of CNV formation, as well as the long-term effects of new treatments, since a CNV induced by AAV-VEGF vector could exist up to 20 months after the vector injection ([@BIO048736C81]). In our model, the CNV area reached the maximal size 6 weeks after VEGF transduction ([Fig. 6](#BIO048736F6){ref-type="fig"}A); thus, the bevacizumab treatment was performed at that point.

Correlation to the common rodent CNV animal models {#s3b}
--------------------------------------------------

The comparison of this CNV rat model and other common rodent CNV models is summarized in [Table 1](#BIO048736TB1){ref-type="table"}. The common CNV rodent models are based on laser burn, transgenic modifications and subretinal injection of viral vectors ([@BIO048736C29]; [@BIO048736C52]; [@BIO048736C64]).Table 1.**Summary of the features of our AAV-VEGF transduced CNV rat model and the other common rodent CNV models**

Correlation to the laser-induced CNV model {#s3c}
------------------------------------------

The laser-induced CNV animal model (normally rodent) is the most commonly used one ([@BIO048736C49]; [@BIO048736C52]). Fully grown CNV lesions with leakages can be obtained 1--2 weeks after the laser injury ([@BIO048736C19]). However, the CNV typically heals naturally within 4 weeks after the lasering ([@BIO048736C27]). Hoerster et al. indicated that only about 8.5% of lesions had leakage, and the regression of the CNV began after the first week ([@BIO048736C34]). In 2011, Giani\'s group demonstrated a CNV formation that reached a peak on day 5 and showed a significant reduction by day 7 ([@BIO048736C27]). Additionally, the CNV induced by laser burn, an artificial stimulus, resulted in scar formation within a short time frame of several weeks ([@BIO048736C48]). Therefore, the laser rodent model is a fast model for late CNV and scar formation, but it is not suitable to investigate quiescent CNV and test the long-term effect of new treatment options.

In addition, the laser models in the earlier studies used several different protocols with different laser wavelengths and applications, showing the varying effects. The neovascularization in the laser models might originate from the retina, not the choroid ([@BIO048736C45]; [@BIO048736C75]). In contrast, our rat model is a true CNV model with a high success rate and less damage to the retina, because the neovessels with fenestrations can be observed in all the CNV eyes.

Correlation to the transgenic rodent models {#s3d}
-------------------------------------------

The transgenic mice models with overexpression of VEGF and/or ANG-2 in the RPE cells did not display CNV or only induced intrachoroidal neovascularization ([@BIO048736C61]; [@BIO048736C62]; [@BIO048736C74]). Oshima\'s group found that rupture to the BM caused by subretinal injection of a vector was important to induce CNV, while an empty vector induced only significantly smaller CNVs compared with ANG-2 vector. They suggested that the subretinal injection of the VEGF vector resulted in the mechanical injury as well as an imbalance of VEGF and its inhibitory factors in the CC-BM-RPE interface ([@BIO048736C62]). In addition, Grossniklaus et al. demonstrated that the trauma caused by the subretinal injection alone might lead to a small-sized CNV ([@BIO048736C29]). Therefore, the break of BM is required to induce subretinal CNV ([@BIO048736C74]), and the subretinal injection of viral vectors featuring CNV is a good choice for the development of CNV models.

In this study, a small CNV was found in one EGFP control eye, which is possibly due to the rupture of BM caused by the subretinal injection. Its thickness was not quantifiable due to its small size. Moreover, a scar with small-sized CNV caused by the injection was sometimes found in the CNV eyes in addition to the significant CNV lesion below the subretinal bleb caused by vector volume deposition. This main lesion was investigated in this study to avoid the false interpretation of injection scar tissue.

A report described a transgenic mouse model with a subretinal injection of human VEGF-A165 by adenoviral Cre gene delivery ([@BIO048736C46]). A total of 75% of the mice showed the maximal CNV areas in angiography at 2 weeks after the subretinal injection of VEGF; however, the CNV area began to diminish at later time points. Additionally, retinal atrophy, a feature of late CNV, was observed from 2 weeks after VEGF injection. In our study, CNV induced by an AAV-VEGF vector reaches a peak at 6 weeks after VEGF transduction. Thus, this model provides more sufficient time for the investigation of early CNV than other models and remains valid for investigating CNV over several months.

JR5558 mice, a recently developed spontaneous CNV mouse model, displayed subretinal neovascularization up to postnatal 90 days ([@BIO048736C57]), but later it was proven by other reports that the neovessels originated from the retina ([@BIO048736C52]; [@BIO048736C32]). To our knowledge, all the animals used for the CNV rodent models are from a very young age, especially the spontaneous CNV mice, which is a limitation of these models. In this AAV-VEGF-induced CNV rat model, we also used young rats; however, much older rats can be investigated, as CNV can exist for more than 20 months ([@BIO048736C81]).

Correlation to the other rodent models {#s3e}
--------------------------------------

Other CNV rodent models are mainly developed by subretinal injection of Matrigel, an extracellular matrix protein mixture, cells or VEGF vectors. Cao\'s group developed a rat CNV model by subretinal Matrigel injection in which 100% of the eyes displayed CNV, and VEGF Trap inhibited the growth of CNV ([@BIO048736C11]). However, Matrigel created a physical barrier in the subretinal space, while extracellular matrix first deposits in BM in human patients, indicating that the mechanism of this model is not the same as in human patients, and the long-term induction of CNV is not proven.

In another report, macrophage-rich peritoneal exudate cells were subretinally injected into C57BL/6 or MCP-1 knockout mice, to establish a subretinal fibrosis model that resembles advanced AMD ([@BIO048736C38]). Note that the mice were treated with a laser to break BM before subretinal injection. The mice showed subretinal fibrosis 7 days after the subretinal injection, indicating that activated macrophages lead to fibrosis. Fibrosis can be defined by the pathological deposit of extracellular matrices (mainly collagen) in the wound healing ([@BIO048736C58]). In our study, macrophages and activated microglia deposited in the CNV area (as shown in [Fig. 5](#BIO048736F5){ref-type="fig"}I), stimulated the formation of fibrosis in this model (see [Fig. 3](#BIO048736F3){ref-type="fig"}). Subretinally-injected cultured RPE developed CNV in 94.3% of the eyes; however, the CNV regressed from 7 days after the injection ([@BIO048736C70]). This suggested that increased angiogenic factor expression by additional RPE cells could not induce long-term CNV. This could be explained by Stern\'s group ([@BIO048736C78]), who demonstrated that RPE proliferation could stimulate CNV regression in the laser-induced CNV model and younger wet-AMD patients through RPE wound repair. The peak of the CNV induced by subretinal injection of polyethylene glycol-8 in mice was 5 days after the injection, and 3 weeks for the CNV induced by lipid hydroperoxide in rats ([@BIO048736C4]; [@BIO048736C54]). These models induced by subretinal injection of cells do not seem to be suitable for the long-term investigation of CNV, as CNV regression occurs within 1 and 3 weeks ([Table 1](#BIO048736TB1){ref-type="table"}).

Several CNV models were induced by viral overexpression of VEGF ([@BIO048736C5]; [@BIO048736C77]; [@BIO048736C81]). In the last decade, a range of viral vector systems have been used for ocular overexpression of proteins in a lot of studies. Subretinal injection of adenoviral-VEGF vector induced CNV after 4 weeks, and the CNV still existed at 80 days ([@BIO048736C5]; [@BIO048736C77]). However, Campochiaro and Zhang et al. mentioned that the adenoviral vector system was active with high immunogenicity for only about 1 month, and the vector itself has high retinal toxicity ([@BIO048736C9]; [@BIO048736C86]). The CNV in the adenovirus VEGF models was partly induced by the inflammatory responses to the adenovirus vector itself ([@BIO048736C5]; [@BIO048736C77]). In contrast, the AAV vector did not lead to inflammatory responses ([@BIO048736C22]; [@BIO048736C81]). The AAV7 and AAV8 vectors have been tested by Xiong\'s team, who found that the toxicity of AAV was associated with certain AAV cis-regulatory sequences ([@BIO048736C83]), which suggested that the ocular AAV toxicity might not be due to the AAV vector but the DNA contained in it. The AAV2 was used in our study. It is still a good vector, because the AAV-empty vectors and EGFP vectors did not show any retinal toxicity in our study, and the CNV induced by the AAV-VEGF vector can exist for a very long period ([@BIO048736C67]; [@BIO048736C81]). Therefore, our model can be used to investigate the whole process of CNV formation, especially the early CNV that cannot properly be studied in the laser model, as well as the human donor tissues.

In the Wang et al. study, they used the AAV-VEGF vector with CMV promotor and investigated the rat model over a long timeframe of 5 weeks to 20 months after VEGF transduction. CNV was shown in 95% of the eyes; however, only one to three eyes were investigated for each time point.

In our study, an AAV-VEGF vector with a specific RPE promotor was developed, and the earlier time points of this model were investigated (2--9 weeks). The vector used in this study has proven to be efficient, as 93% of the eyes injected with about 60 times less viral particles than were used in Wang\'s study showed CNV 6 weeks after VEGF transduction. Additionally, the subretinal neovascularization displayed in this model originates from the CC, as the fenestrations observed in the CNV vessels are a feature of choroidal capillaries. As shown in [Table 1](#BIO048736TB1){ref-type="table"}, only a few reports proved that the subretinal neovascularization found in their models were truly from the CC. To our knowledge, our rat model is the first model that can be used to investigate treatment-naive quiescent CNV.

As there is usually only one lesion per eye in the AAV-VEGF transduced CNV model, it is difficult to quantify the ultrastructural features, which is a limitation of that model. In contrast, the laser model has more lesions to be investigated in each eye (usually three to five individual lesions) and a spontaneous CNV model also has multiple lesions per eye (15--20 lesions per eye).

Treatment of CNV in the CNV rat model using bevacizumab {#s3f}
-------------------------------------------------------

Bevacizumab can directly interact with VEGF extracellularly, avoiding the combination of VEGF and VEGFRs, and inhibiting the progression of CNV. It is commonly used in the clinic due to its extremely low price in comparison with the other anti-VEGF drugs. Therefore, bevacizumab was used in this study to verify that this CNV rat model is valid for the evaluation of treatment strategies for quiescent CNV.

As 6 weeks were needed to reach a full-grown CNV in this CNV rat model, bevacizumab was injected into the CNV eyes at that time point. A report indicated that the conversion of quiescent CNV to exudation AMD showed a preferential increase of the thickness of the CNV lesions rather than the diameter of the CNV lesions ([@BIO048736C76]). In our study, the thickness of the CNV lesions decreased significantly after a 1-week treatment, thereby inhibiting the conversion of quiescent CNV to exudation AMD. However, bevacizumab did not show an apparent effect after 3 weeks of treatment. This also often happens in human AMD patients; therefore, they need further reinjection of bevacizumab.

The expression of VEGF analysed by human VEGF staining decreased in bevacizumab-treated rat eyes; however, this was not statistically significant compared with untreated eyes. There is no intense human VEGF staining in the RPE layer of the AAV-EGFP eye, or in the RPE distant from the CNV lesion of the CNV eyes (shown in [Fig. 5](#BIO048736F5){ref-type="fig"}C,E). Therefore, it seems that the anti-human VEGF antibody mainly recognizes human VEGF. The overexpression of human VEGF in our model leads to the thickening of BM and the RPE layer. These changes also result in the atrophy of CC and neuroretinal hypoxia, which promotes the upregulation of rat VEGF secreted by RPE cells. This is also one reason why the area of CNV lesion did not decrease significantly after being treated with bevacizumab.

One reason for the insignificant VEGF staining changes after treatment is that bevacizumab can only inhibit the expression of VEGF in a short time frame, as the plasma-free VEGF level markedly decreased within the first week after bevacizumab injection in human AMD patients, but later it increased again ([@BIO048736C3]). Another reason is that VEGF is still overexpressed in the CNV eyes, as the untreated CNV eyes show ongoing CNV formation with a significant increase of retinal and CNV lesion thickness up to 9 weeks after VEGF vector transduction ([Fig. 6](#BIO048736F6){ref-type="fig"}). Future studies may benefit from using inducible vectors that can be switched on and off according to the experimental needs.

Pachydaki et al. indicated that stable CNV vessels with pericyte support did not respond to bevacizumab, and only degenerating, leaky vessels are targeted by bevacizumab ([@BIO048736C63]). This finding can also contribute to the insignificant treatment efficacy of bevacizumab in this CNV rat model with foremost pericyte-containing CNV vessels and absent leaky vessels.

Additionally, it was also demonstrated that bevacizumab did not show a significant therapeutic effect in the laser-induced rodent CNV model ([@BIO048736C53]), as bevacizumab was unable to bind to murine VEGF with high affinity ([@BIO048736C23]; [@BIO048736C85]). Non-human primate laser-induced CNV models can be used to test antiangiogenic treatments ([@BIO048736C37]; [@BIO048736C47]; [@BIO048736C51]); however, it is much more expensive and difficult to obtain permission to use a large number of non-human primates. Therefore, the rat CNV model induced by overexpression of human VEGF may be an ideal alternative to test the anti-human VEGF therapy.

This model could also be used to study the formation of new healthy choroidal blood vessels in quiescent CNV. Such intact vessel formations have recently been suggested to have a protective effect in inhibiting the growth of GA ([@BIO048736C33]). If the remodelling of choroidal vessels were better understood, replacement of degenerating CC regulated by growth factors in human patients might become possible.

In summary, our rat model resembles human quiescent CNV in AMD, based on *in vivo* imaging and histologic examinations, especially at the ultrastructural level. Bevacizumab tends to inhibit the conversion of quiescent CNV to exudative AMD in the short term. Therefore, this CNV model is valid to test new drugs for quiescent CNV. Regarding the disadvantages of the laser-induced model, the CNV model induced by subretinal injection of the AAV-VEGF vector is a good choice, as VEGF is a major cause of human CNV. In addition, it can be used to better understand the underlying mechanisms of CNV formation and help to develop new therapy options.

MATERIALS AND METHODS {#s4}
=====================

Animals {#s4a}
-------

7[-](-)week-old female Long Evans rats were purchased from Janvier Labs, Le Genest-Saint-Isle, France. There was no significant difference in gender for the morbidity of human CNV ([@BIO048736C16]); therefore, only female rats were used because of their docile behaviour. In total, 66 eyes were used in this study (for details see [Table S1](Table S1)).

The animal experiments were performed after approval by the Regierungspräsidium Tübingen (AK 09/14). All of the animals were handled in conformity to the German Animal Welfare Act and were under the control of the animal protection agency and supervision of veterinarians of the University of Tübingen.

CNV from human eyes {#s4b}
-------------------

Five human CNV samples removed during sub-macular surgery were analysed by LM/EM and IHC (the same samples used in [@BIO048736C7]; [@BIO048736C73]).

The study of human CNV membranes followed the guidelines of the Declaration of Helsinki and was approved by the Ethics Committee of the University of Tübingen. Each patient gave written consent for the scientific use of the specimens. Some of the eyes were a gift from The Foundation Fighting Blindness Eye (FFB) Donor Program (Columbia, MD, USA); others were provided by the University Eye Hospital Tübingen (ethical number for scientific issues 462/2009BO2) ([@BIO048736C7]; [@BIO048736C73]).

AAV-vector system {#s4c}
-----------------

The vectors were produced by Sirion Biotech GmbH (Munich, Germany). AAV-VEGF-A vector was used to induce CNV in this rat CNV model. As shown in [Fig. S2](Fig. S2), human VEGF-A165 cDNA, from the plasmid pBLAST49-hVEGF, was inserted in an AAV2 vector (subtype 4) backbone. An RPE specific promotor RPE65 was used. EGFP was added instead of human VEGF-A165 in AAV-EGFP vector. Empty AAV vector without any expression cassette and AAV-EGFP vector served as controls.

Study design {#s4d}
------------

The experimental design of the eyes injected with AAV-EGFP or AAV-empty vectors is shown in [Fig. S3](Fig. S3)A. One AAV-EGFP eye was enucleated 9 weeks after the vector subretinal injection, and the residual eyes were enucleated 4 weeks after the vector transduction (see [Table S2](Table S2)). As shown in [Fig. S3](Fig. S3)B, in order to study the processes of CNV formation, *in vivo* imaging examinations were performed at different time points after VEGF vector injection (2--9 weeks), and the eyes were enucleated at different time points (4, 6, 7 and 9 weeks). The waiting time to reach the maximal CNV area was confirmed by *in vivo* imaging analysis, which was also the best time point for testing the treatments. Therefore, the bevacizumab treatment was performed 6 weeks after the VEGF transduction, and the time flow overview of the experiment was shown in [Fig. S3](Fig. S3)C. All eyes were enucleated for IHC or LM/EM analysis, directly after the last *in vivo* imaging session. The number of eyes with quantifiable data is less than that shown in [Table S1](Table S1), due to the death of rats during the examination or severe cataract and bleeding, which made imaging impossible.

Subretinal injection {#s4e}
--------------------

The subretinal injection was performed according to the previous work of [@BIO048736C40]. 2 µl of vector suspension (1×10^9^ particles/µl) was injected into the subretinal space of the eye.

Intravitreal injection of bevacizumab {#s4f}
-------------------------------------

5 µl solution was delivered through the pars plana into the vitreous cavity by using a NanoFil 34-gauge bevelled needle (Hamilton Co., Reno, NV, USA). Nineteen eyes were intravitreally injected with 5 µl bevacizumab (25 mg/ml, bevacizumab, Roche, Basel, Switzerland) 6[ ]( )weeks after subretinal injection of AAV-VEGF-A165 vector in this study.

*In vivo* imaging {#s4g}
-----------------

Scanning laser ophthalmoscopy (SLO), FA, ICG and OCT were performed using a Spectralis™ HRA+OCT (Heidelberg Engineering, Heidelberg, Germany) device modified for use with rats based on protocols from other studies ([@BIO048736C36]; [@BIO048736C21]). FA and ICG dyes \[42 µl fluorescein (Alcon 10%), 208 µl 0.9% NaCl, 250 µl Indocyanine Green (5 mg/ml, Diagnostic Green)\] were injected in the tail vein, and *in vivo* imaging was performed using 488 and 795 nm lasers, respectively. Late phase angiograms were acquired after about 10--20 min. The GFP expression was visualized by imaging in the FA mode before the injection of the dyes.

LM/EM {#s4h}
-----

The eyes were fixed in 5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) overnight at 4°C. The samples were post-fixed with 0.1% osmium tetroxide and then dehydrated with a series of ethanol. The block staining with saturated uranyl acetate in 70% ethanol was performed overnight at 4°C. The samples were further dehydrated to 100% dry ethanol and propylene oxide and finally embedded in Epon (SPI-Pon™812 Epoxy Embedding Kit, SPI Supplies, West Chester, PA, USA). The chemicals for the embedding were purchased from Fluka, Germany.

Semi-thin sections (0.7 µm thick) were stained with Toluidine Blue and observed under LM (Axioplan2 imaging^®^, Zeiss, Göttingen, Germany). Ultra-thin sections (0.05 µm) were stained with lead citrate and examined by EM with a Zeiss 900 transmission electron microscopy (Zeiss, Jena, Germany).

IHC {#s4i}
---

After enucleation of the eyes, the whole eyes were fixed in 4.5% formalin (Roti Histofix, Carl Roth, Karlsruhe, Germany) and embedded in paraffin for histologic study. Sections 4 µm thick were cut and then stained with Hematoxylin and Eosin (H&E) or respective primary antibodies: 1:300 mouse anti-human VEGF-A antibody (GeneTex/Biozol, Eching, Germany), 1:100 goat anti-RPE65 antibody (sc-33294; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and 1:1000 rabbit anti-Iba1 antibody (FUJIFILM Wako, Dusseldorf, Germany). H&E staining was performed to locate the CNV area. For most experiments, the DAKO REAL™ Detection System, Alkaline Phosphatase/RED, Rabbit/Mouse kit was used as a secondary antibody. A Cy3 mouse secondary antibody was used as the secondary antibody for the anti-RPE65 antibody staining, and a Cy3 goat secondary antibody was used for the anti-Iba1 staining (secondary antibodies were purchased from Jackson ImmunoResearch, Ely, UK). Sections were cover-slipped with FluorSave (Calbiochem, La Jolla, CA, USA). A Zeiss Axioplan2 imaging microscope (Zeiss, Jena, Germany) was used to investigate the fluorescence staining of the samples.

Detection and quantification of hyper-fluorescent CNV lesion areas in angiography data sets {#s4j}
-------------------------------------------------------------------------------------------

According to Lu and Adelman\'s study ([@BIO048736C53]), the area of the hyper-fluorescent region in angiograms corresponds to the area of CNV lesion. The area of hyper-fluorescent regions in FA and ICG angiographs can be measured by contouring the CNV lesion using the software included in the Heidelberg Engineering SLO/OCT device. As the Heidelberg Engineering SLO/OCT machine is designed for humans, the dimensions in the x and y-axes are not calibrated for the animal experiments. In contrast, the dimensions in the z-axis in OCT images are displayed properly. Thus, the hyper-fluorescent areas in angiographs were displayed in arbitrary units (au) in this study.

Quantification of the maximal thickness of the CNV lesion area in OCT data sets {#s4k}
-------------------------------------------------------------------------------

A series of OCT images in the whole CNV lesion area were collected for each eye in this study by using the volume scan function of the OCT machine. The CNV lesion in each OCT image corresponds to the hyper-fluorescent region in the FA angiograph (see [Fig. S4](Fig. S4)).

As shown in [Fig. S5](Fig. S5), the thickness of the retina (between internal limiting membrane and choroid) and the CNV lesion was measured in each OCT image of each eye. The maximal thickness of the CNV lesion of each eye was obtained for data analysis. In addition, retinal thickness in the adjoining area without lesion in the OCT image with the maximal retinal thickness was measured as controls and termed as 'normal retinal thickness'.

Quantification of fenestrations {#s4l}
-------------------------------

The number of fenestrations per µm circumference of the endothelium of CNV vessels and choroid capillaries was quantified in EM images with 30,000× magnification, according to the study of [@BIO048736C7]. Seven CNV vessels of this rat model and seven choroid capillaries of the AAV-EGFP transduced eyes were used for this quantification. As not all the CNV vessels contained fenestrations, only the CNV vessels with fenestrations were measured.

Quantification of VEGF expression in the eyes with CNV {#s4m}
------------------------------------------------------

The positive anti-human VEGF stained area and the total CNV area in the eyes with CNV were measured by using ImagePro Plus 6.0 software (Media Cybernetics, MD, USA), as shown in [Fig. S6](Fig. S6). The percentage of VEGF positive staining area of the total CNV area was calculated to quantify the VEGF expression according to other research ([@BIO048736C1]; [@BIO048736C39]).

Statistics {#s4n}
----------

All statistical analyses were performed using IBM SPSS Statistics 25 software (IBM, New York, USA; obtained from University of Tübingen). Student\'s *t*-test (two-tailed) was performed to compare the results of two normally-distributed groups, and one-way ANOVA was used for multiple comparisons of different groups. The significance level is *P*=0.05. The mean value and standard deviation were shown in the box figures.
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